A gene encoding a 72,357-dalton (Da) crystal protein of Bacillus thuringiensis var. israelensis was isolated from a native 75-MDa plasmid by the use of a gene-specific oligonucleotide probe. Bacillus megaterium cells harboring the cloned gene (cryD) produced significant amounts of the 72-kDa protein (CryD), and the cells were highly toxic to mosquito larvae. In contrast, cryD-containing Escherichia coli cells did not produce detectable levels of the 72-kDa CryD protein. The sequence of the CryD protein, as deduced from the sequence of the cryD gene, was found to contain regions of homology with two previously described B. thuringiensis crystal proteins: a 73-kDa coleopteran-toxic protein and a 66-kDa lepidopteran-and dipteran-toxic protein of B. thuringiensis subsp. kurstaki. A second gene encoding the B. thuringiensis subsp. israelensis 28-kDa crystal protein was located approximately 1.5 kilobases upstream from and in the opposite orientation to the cryD gene.
A gene encoding a 72,357-dalton (Da) crystal protein of Bacillus thuringiensis var. israelensis was isolated from a native 75-MDa plasmid by the use of a gene-specific oligonucleotide probe. Bacillus megaterium cells harboring the cloned gene (cryD) produced significant amounts of the 72-kDa protein (CryD), and the cells were highly toxic to mosquito larvae. In contrast, cryD-containing Escherichia coli cells did not produce detectable levels of the 72-kDa CryD protein. The sequence of the CryD protein, as deduced from the sequence of the cryD gene, was found to contain regions of homology with two previously described B. thuringiensis crystal proteins: a 73-kDa coleopteran-toxic protein and a 66-kDa lepidopteran-and dipteran-toxic protein of B. thuringiensis subsp. kurstaki. A second gene encoding the B. thuringiensis subsp. israelensis 28-kDa crystal protein was located approximately 1.5 kilobases upstream from and in the opposite orientation to the cryD gene.
Certain varieties of Bacillus thuringiensis synthesize parasporal crystals composed of proteins that have been shown to be toxic to the larvae of specific insects. B. thluringiensis subsp. kurstaki as well as other varieties produces a bipyramidal crystal composed of one or more related proteins of approximately 130 kilodaltons (kDa) which are toxic to lepidopterans (caterpillars) (for recent reviews, see references 2 and 34) and also a cuboidal crystal composed of a 66-kDa protein that is toxic to both lepidopteran and dipteran (mosquito, black fly) insects (6, 37) . Other subspecies of B. thuringiensis have been identified which produce rhomboid crystals composed of a 73-kDa protein that is specifically toxic to coleopteran (beetle) larvae (12, 16 ; W. P. Donovan, J. M. Gonzalez, Jr., M. P. Gilbert, and C. Dankocsik, Mol. Gen. Genet., in press).
B. thuringiensis subsp. israelensis synthesizes an irregularly shaped parasporal crystal that is highly toxic to certain dipteran larvae (8) . The complex crystal is composed of at least three major proteins of approximately 130 kDa, 70 kDa, and 28 kDa. The genes for the 130-kDa and the 28-kDa crystal proteins have been cloned and their nucleotide sequences have been reported (1, 25, 30, 31) . These cloning experiments have indicated that the 130-kDa and the 28-kDa B. thuringiensis subsp. israelensis crystal proteins are mosquito toxic. However, other researchers have reported that the 28-kDa protein has little or no mosquitocidal activity (4, 5, 11, 14, 15, 28) . Cloning experiments have revealed that B. thuringiensis subsp. israelensis contains more than one gene for the 130-kDa protein (3, 32) . To (29) was used as a host for pNN101 (20) plasmid derivatives. Escherichia coli HB101 was used as a host for pBR322 derivatives. E. coli JM1I1 was the host for the sequencing vectors M13mpl8 and M13mpl9 and their derivative phages.
Protein purification and NH2-terminal amino acid sequence determination. The methods for purifying crystal proteins have been described previously (6) . A hot sodium dodecyl sulfate (SDS)-2-mercaptoethanol solution was used to solubilize crystal proteins from a sporulated culture of B. thuringiensis subsp. israelensis HD-567. The 72-kDa protein was purified from SDS gels by the procedure of Hunkapiller et al. (13) . After precipitation with acetone (1:1, vol/vol), the 72-kDa protein was subjected to automated Edman degradation in an Applied Biosystems Gas-Phase Sequenator (model 470A) and analyzed on a DuPont Zorbax C18 column in a Hewlett-Packard high-pressure liquid chromatograph (model 1090) with 1040 diode array detection.
Cloning. The methods for constructing plasmid libraries enriched for size-specific DNA restriction fragments and for using synthetic oligonucleotides as gene-specific hybridization probes have been described before (6) . The cryDenriched plasmid library was transformed into E. coli HB101 cells, and ampicillin-resistant colonies were selected. These colonies were used in colony hybridization experiments with the cryD-specific 47-mer oligonucleotide probe that had been radioactively labeled at its 5 6 .81, 10% glycerol, 0.05% bromophenol blue) in a 0.5-ml microtube, incubated at 90°C for 7 min, and vortexed for 10 s, and measured volumes (usually 10 ,ul) of the mixtures were electrophoresed through an SDS gel.
DNA sequencing. DNA fragments were cloned into the M13 vectors mpl8 and mpl9 as described below. A total of 21 cryD-specific 17-mer primers (synthesized on an Applied Biosystems DNA synthesizer, model 380B) and one M13-specific primer (supplied by Bethesda Research Laboratories) were used to determine the complete DNA sequence of both strands of the cryD gene by the dideoxy method (23) .
Toxicity measurements. E. coli cells were grown on LB agar plates containing ampicillin (40 ,ug/ml). B. megaterium and B. thuringiensis subsp. israelensis cells were grown on DS agar sporulation plates containing either tetracycline (10 ,ug/ml) or no antibiotic, respectively. After 48 h of growth at 30°C, cells (stationary phase or sporulated) were harvested, suspended in lysis buffer (1 mg of lysozyme per ml, 10 mM Tris hydrochloride [pH 7.5], 1 mM EDTA) and incubated at 37°C for 1 h. SDS was added to a final concentration of 0. 1%, and the mixtures, consisting of free crystal proteins plus lysed cells and/or spores, were serially diluted. Dilutions were added to 50 ml of deionized water containing 20 Aedes aegypti fourth-instar larvae, and mortality was scored after 24 h. The 50% lethal dose (LD50) values were determined by probit analysis with an eight-dose testing procedure and at least 60 larvae at each dose.
RESULTS
Isolation of the cryD gene. The 72-kDa crystal protein was purified from B. thuringiensis subsp. israelensis HD-567 by electroelution of the protein from SDS gels. Edman analysis of the purified protein yielded the NH2-terminal sequence shown in Fig. 1 . Based on the sequence, a gene-specific 47-mer oligonucleotide probe was designed (Fig. 1) . To determine the sizes of restriction fragments containing at least the NH2-terminal region of the gene for the 72-kDa protein, the 47-mer probe was radioactively labeled and used in DNA blot hybridization experiments with total restriction enzyme-digested DNA from strain HD-567. The probe specifically hybridized to a unique Hindlll restriction fragment of approximately 11 kilobases (kb) and to a unique EcoRI fragment of approximately 6 kb at a hybridization temperature of 47°C (data not shown).
A recombinant plasmid library was constructed by ligating size-selected, 5-to 7-kb EcoRI restriction fragments of HD-567 DNA into the EcoRI site of the E. coli vector pBR322. Transformed E. coli colonies containing recombinant plasmids were hybridized at 47°C with the labeled probe. The probe hybridized strongly to one colony (EG1318) which contained a plasmid (pEG214) that consisted of pBR322 plus a 5.7-kb EcoRI insert (Fig. 2 (Fig. 2) . The 11.0-kb fragment contained approximately 2.8 kb and 3.0 kb on either side of the 5.7-kb fragment (pEG216, Fig. 2 (Fig. 3) .
Identification of a crystal protein gene adjacent to cryD. We observed that the restriction map of the 11-kb HindIll fragment (Fig. 2, pEG216) (18, 30) . To determine whether the 11.0-kb fragment described in this report contained a similar gene, a 2.6-kb BamHI-PvuII fragment was subcloned from (Fig. 2) . B. megaterium cells harboring pEG215 (cryDA76 cryE+) (strain EG1324) did not contain detectable levels of a plasmid-encoded 72-kDa protein but did contain minor amounts of a plasmid-encoded 28-kDa protein (Fig. 4, lane 3) . These cells were not toxic to mosquito larvae (Table 1) . B. megaterium cells harboring pEG217 (cryD' cryE+) (strain EG1316) contained significant amounts of a plasmid-encoded 72-kDa protein and minor amounts of a plasmid-encoded 28-kDa protein (Fig. 4, lane  4) , and the cells were highly toxic to mosquito larvae (Table  1) . B. megaterium cells (strain EG1325) harboring pEG220 (Cry-) (constructed by ligating the Bacillus vector pNN101 into the SphI site of the E. coli vector pBR322) were not toxic (Table 1) .
To further evaluate the toxicity of the 72-kDa protein, plasmid pEG218 (cryD+ cryE21) (Fig. 2) was constructed by subcloning a 6.7-kb BamHI-HindIII fragment from the 11.0-kb Hindll! fragment into pBR322. The 6.7-kb fragment contained the complete cryD gene but only 21 NH2-terminal codons of the cryE gene. The Bacillus vector pNN101 was inserted into the SphI site of pEG218, resulting in the E. coli-Bacillus shuttle plasmid pEG219 (cryD+ cryE21) (Fig.  2) . B. megaterium cells harboring pEG219 (strain EG1323) synthesized significant amounts of the CryD protein and, as Fig.  2 (pEG214 and pEG216) . Arrows denote the inverted repeat described in the text.
expected, no 28-kDa CryE protein (Fig. 4, lane 5) . EG1323 cells had an LD50 (6 to 3 pug of cells [wet weight] per ml) (gofcells/m gels as in Fig. 4) (10) . To determine whether any of these plasmids carried the cryD gene, the plasmids of this strain were electrophoretically size fractionated on an agarose gel (7, 9) and transferred to a nitrocellulose filter, and the filter was hybridized at moderate stringency (65°C) with the radioactively labeled 2.5-kb EcoRV-EcoRI cryD fragment from pEG216. The results of this analysis are shown in Fig. 5 . The cryD fragment specifically hybridized to a 75-MDa plasmid from strain HD-567 ( Fig. SA and B, lane 1) , indicating that this plasmid carried the cryD gene and also the CryE gene. This result confirms and extends the findings of Gonzalez and Carlton (10) , who reported that the 75-MDa plasmid was necessary for crystal formation in B. thuringiensis subsp. israelensis. The cryD fragment also hybridized to a diffuse band of DNA from strain HD-567 (Fig. SB,  lane 1) . This band of cryD-hybridizing DNA was not observed in derivatives of strain HD-567 that had been cured of the 75-MDa plasmid (Fig. 5A and B, lanes 2 and 3) , suggesting that the DNA was derived from the 75-MDa plasmid. To further demonstrate that the diffuse band of hybridizing DNA was derived from the 75-MDa plasmid, the 75-MDa plasmid was transferred by conjugation back into a derivative of HD-567 that had been previously cured of this plasmid. As expected, the resulting transcipient acquired, in addition to the cryD-hybridizing 75-MDa plasmid, a diffuse band of hybridizing DNA (Fig. 5A and B, lane 4) .
Homologies between the CryD protein and other crystal proteins. The computer search program of Queen and Korn (22) was used to compare the sequence of CryD with the reported sequences of six other B. thuringiensis crystal proteins. Two crystal proteins were found to be homologous with CryD. The 66-kDa lepidopteran-and dipteran-toxic CryBl protein of B. thuringiensis subsp. kurstaki (6) tained a sequence of 215 amino acids (residues 61 to 275) that was 30% homologous to a sequence of 211 amino acids (residues 45 to 255) in CryD (Fig. 6) . The 73-kDa coleopteran-toxic CryC protein of BT strain EG2158 and B. thuringiensis subspp. tenebrionis and san diego (12, 26; Donovan et al.,  in press) contained a sequence of 124 amino acids (residues 107 to 230) that was 33% homologous to a sequence of 114 amino acids (residues 76 to 189) in CryD (Fig. 6) . Interestingly, the CryC and CryD proteins contained similar numbers of amino acids, 644 and 643, respectively. CryD shared no significant regions of homology with either of the other two major crystal proteins of B. thuringiensis subsp. israelensis, the 130-kDa protein (31) or the 28-kDa protein (30) . No significant similarities were detected between CryD and a cloned B. thuringiensis subsp. israelensis gene that potentially encoded a 72-kDa mosquito-toxic protein (27) 65 to 68 kDa, presumably similar to the 72-kDa CryD protein described here, had mosquito toxicity (15, 17, 36) .
The CryD protein could not be detected in B. megaterium cells harboring the cloned cryDA76 allele. It is possible that the truncated form of CryD encoded by the cryDA76 strain (missing 76 COOH-terminal amino acids) is unstable and rapidly degraded. Another possibility is that the 10-nucleotide inverted repeat found at the 3' end of the cryD gene and missing from cryDA76 is necessary for stabilization of the cryD mRNA. Inverted repeats located at the 3' end of the malE gene of E. coli have been shown to stabilize the malE mRNA (19) , and Wong and Chang (35) have demonstrated that an inverted repeat found at the 3' end of a 130-kDa lepidopteran-toxic crystal protein gene from B. thuringiensis subsp. kurstaki served to stabilize the upstream mRNA.
The cloned 11-kb HindIll fragment containing the cryD gene was also found to contain the gene (cryE) for the 28-kDa crystal protein of B. thuringiensis subsp. israelensis. McLean and Whiteley (18) reported that expression in E. coli of a cloned B. thuringiensis subsp. israelensis gene for a 28-kDa protein required a 0.8-kb segment of DNA that was located approximately 4 kb upstream from the cloned gene. The cloned gene is most likely the same as the cryE gene described in this report. Our data indicate that the 0.8-kb segment of DNA should be located immediately downstream from the cryD gene. B. megaterium cells harboring the cloned B. thuringiensis subsp. israelensis 5.7-kb EcoRI fragment (cryDA76 cryE+), which lacks the 3' end of the cryD gene as well as DNA sequences downstream from the cryD gene, synthesized apparently identical amounts of the 28-kDa CryE protein as B. megaterium cells harboring the cloned 11-kb HindIlI fragment (cryD+ cryE+), which contains the complete cryD gene and approximately 3 kb of DNA downstream from the cryD gene. Therefore, unlike expression in E. coli, expression of the cryE gene in B. megaterium does not appear to require DNA sequences downstream from the cryD gene. Nevertheless, cryE-containing B. megaterium cells produced very little of the CryE protein. Ward et al. (33) have reported that a cloned B. thuringiensis subsp. israelensis gene encoding a 27-kDa crystal protein, most likely identical to the CryE protein reported here, was highly expressed in Bacillus subtilis cells. This finding, plus the fact that B. thuringiensis subsp. israelensis synthesizes large amounts of the CryE protein, makes the low level of synthesis of this protein by cryEcontaining B. megaterium cells somewhat puzzling.
B. megaterium cells harboring multiple copies of cryD and cryE were significantly inhibited in their ability to form spores. We had previously found that B. megaterium cells harboring multiple copies of either the cloned lepidopteranand dipteran-toxic cryBI crystal protein gene from B. thuringiensis subsp. kurstaki (6) or the cloned coleopteran-toxic cryC crystal protein gene from B. thuringiensis EG2158 (Donovan et al., in press) were severely or moderately inhibited, respectively, in their ability to form spores. A possible explanation for the observed inhibition, suggested by previous findings with cloned B. subtilis sporulationspecific genes (21, 38) , is that the promoters for the crystal genes, when present in the cell in high copy number, titrate a transcription factor necessary for sporulation. Furthermore, the finding that the cryD and cryE genes were apparently not expressed in E. coli cells suggests that these genes require some sporulation-specific transcription factor(s) for efficient expression.
The dipteran-toxic CryD protein was found to contain partial sequence homology with two B. thuringiensis crystal proteins, the lepidopteran-and dipteran-toxic CryBl protein (6) and the coleopteran-toxic CryC protein (12, 26; Donovan et al., in press). The CryD protein was not homologous with other B. thuringiensis subsp. israelensis proteins that have been implicated in dipteran toxicity, the 130-kDa crystal protein (31) and the 28-kDa crystal protein (30) . Knowledge of the presence or absence of such homologies may be useful in understanding the mode of action of these toxins.
